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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated bv other authorized
documents,

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government pro-
curement operation, the U.S. Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way supplied the said drawinys, specifi-
cations, or other data is not to be regarded by implication or otherwise

as in any manner licensing the holder or any other person or corporation,
or conveying any rights or permission, to manufacture, use, or sell auy
patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commmercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the
originator.
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DEPARTMENT OF THE ARMY
U. 8. ARMY AIR MOBILITY RESEARCH & DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUBTIS, VIRGINIA 23604

This report was prepared by Bell liclicopter Company, bivision
of Bell Aerospace Corporation, under the terms of Contract
DAAJO2-70-C-0053, 1t presents the results of a design trade-
of f study conducted to determine the opcrational cost impact
of substantially cxtending the overhaul life of hclicopter
main transmissions,

The purposc of this contractual effort was to conduct a general
tradc-off study to cvaluste the direct operational costs associ-
ated with increasing heljcopter transmission time-hetween-overhaul
(TBO) levels into the 3000- to 6000-hour range., 71his cvaluation
was accomplished through determination of the cost, avallability,
and performanco for thrse distinct sizes of hclicopter power
transmissiun featuring twin-cngine inputs of 500, 1500 and 48UV
horsepower per cngine.

On the basis of overhaul and transportation costs as well as fucl
cost in the VN theatcr, this study showed that both the 3UU0-hour
and 6000-hour TBO design transmissions are cost effective, Tlhese
increascd TBO transmission designs were shown to be feasible
basically through changes in component materials and through com-
ponent design and integratiun techniques.

The technical managers for this contract were Mesri:'s, James Gomel
and hayne A. lludgins of the Technology Applications bivisson,
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SUMMARY

This report presents the results of a design tradeoff study

conducted to determine the operational cost impact of extend-
I ing the overhaul life of the drive train components from 1200
{ hours to 3000 and 6000 hours on future Army helicopters.

|

Pertinent Army and BHC publications were reviewed to determine
Time Between Overhauls (TBO) limiting factors.

R e, ¥ OO

An analytical review was also made of a mission profile study

[ conducted on monitored AH-1G, UH-ll, and UH-1C helicopters in
2 Viet Nam to determine an appropriate usage rate, power spec-

trum, and flight length spectrum for this study. From this 4

review, a cubic mean power requirement of 65% takeoff power

i was established, and a vehicle utilization rate of 50 hours

per month was justified.

The design tradeoff study was implemented through the design,
1 *, and analysis of three power level transmissions each
ac 2e TBO levels. The transmissions featured twin-engine
direct-drive configurations of two 500-hp, two 1500-hp, and
two 4800-hp power level engines. Each transmission was ini-
tially designed for a 1200-hour TBO and was then modified as
required to attain a 3000-hour TBO and again for a 6000-hour
TBO.

The relative effective costs of the three transmissions as
affected by TBO requirements were found to be:

RELATIVE COST
12C0-Hour 3000-lour 6000 -Hour

THO TBO TBO 1
} Twin 500-IP Design 1.0 .788 450
' Twin 1500-HP Design 1.0 .875 .653

F Twin 4800-HP Design 1.0 771 . 509

{ii
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FOREWORD

This report presents the results of a tradeoff study conducted
by Bell Helicopter Company (BHC) for the Eustis Directorate,

U. S. Army Air Mobility Research and Development Laboratory
(USAAMRDL) during the period 1 July 1970 to 16 April 1971.
Study results were attained through the design and analysis of
nine transmissions - three power levels and three TBO levels at
each power. Design tradeoffs in weight, efficiency, and cost
were determined and equated to vehicle performance in the form
of cost per operational hour.

The program was performed under USAAMRDL Contract DAAJ02-70-C-
0053.

USAAMRDL technical direction was provided by Mr. Wayne A.
Hudgins and Mr, James Gomez. Principal investigators were
Messrs. R. D. Walker and C. W. Bowen. Acknowledgement for
technical contributions is due Messrs. D. Bowers, D. Cleveland,
H. Dover, H. Selden, C. N. Warren, and J. Young, all of the
BHC Transmission Design Group.
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inrrovcion

lellcopter power train (ospotienta Its today o allitary invens
tory wete dealgtied for Tlime HBelween Overhaul (THO) levelo of
approwisately 1200 hours, Butl oftenn exhiibit Meath Time Melucen
fiesovala (MTHR) of 0% toe 90" of this THU objective he (2=
prov:d operational capabitlitica of thecac lucli(oplcrn ovet
prior rodela It uac werte in pert Ismplemented through the uae
of lovw-welght cosponentas Its achieving reduced weighta, it
would appear That the dealghers have «loaen !igh operat{ng
atreas Jlimita and have selecte! low-dencity materiale shiich
ate {#mpaleing tranamisalon durability and reliability to the
catent of {ncgreaaing 'he taintetatice bLugdet,

The putrpoac of thia report fa to present the teoults of a
tradeof ! atudy 1o evaluate the operational coal of infeaning
belicopter traneminnjon ayaten THO levels (nto the YOX0- to
000 -tour range Thia evaluation was accompliabed through de-
tepmination of the overhaul life effect ot coat, availability
atd performatce for three distinct sizes of helicopler powver
tranemieslone featuring 'winsengine {nputes of total fnatalled
rtoresepovetr valuea of 1000, ICCO, and 9600,

fhe Lasic parameters influencing desip for increased THO
levela were (dentified for these ayalema from HHC and Arey cx-
pmerietice with atialyaia of fallure wodeo Of exiating tratia-
afaniona, Conventionral deaipgn atecan-life relationabips anu
thoae d=sotislrated "y field opetration resultls were correlated,
and suftadle deafign techniqgue., material apecifications, and
satresn allovablea wvere detemm ned for uyse i thie atudy, HEach
of theac thrce BOracpover level aystema wan llen deafgned wmith
objective TBO levels of 1700, 1000, and 6000 ltours, For pur-
poacas 0! (omparatlive (osl analysiae, the aasusplion was =made
thatl theae ayaleoemas arfe Uperaled (h the RVW theatler, This aa-
suaption, (5. turn, eotablished the turnatround shipping coata,
flignt wisniotr apectira, and onti-site fuel cosla used i calcu-
lalilg the tranemianion overbaul dollar <oat et !lighl bour -
the Laals 0f the (val=-clfci Livenean deteramination,
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DESIGN PARAMET K 33

The propoasc! Uratiowlsalon configuraticths for the eatended THO
study wete predicated on Ligh reliabiility reqguirescnto wthilch
dictate the uvae of a tvitecengine inatallation, Kacbh Ugatie-
wisalon fa drlven divectly from tuin enginea of the fequired
hutectpvetr for cach alce level., The configurations were fur
thet tealticted to belicoplera will one Bain rotor atnd an
attitorque (tail) rotor, The acope of the etudy {ncluded auf-
ficlenl horacpover fatige lo cticompaas Light, aciive and heawy
belicopltera;  tuin ctigine tnpat at SO0 Ly per engine, 1500 g
pret etigitic, atid @800 hp per engine The apeecd fatige was also
thosety to brovadly ehcospass preaecntl turbine ahallt outpul apecds
and anticipated advatced ‘ecbnology engine (ATE) apecds: 6000
tpm to 24,000 rpm, The following paraseters were vaed {n the
three borascfpover level deaipgnhag

| Parascler lot 2 Jre
nginea 2 a $00 nhp 2 @ 1500 hp 7 3 4800 hp
I @ G000 g @ 4, CO00 riwe @ 9000 ¢
Trans, Ratio 17.8:1 961} t0:1
Trata, ealgn HP 667 2000 6400
Maln Hotor O™ 340 2%0 15¢
fail Rotor HP 108 215 880
Tail Rotor RIM 1600 1100 65
Grosa Meigat %400 l6,000 50,000
Ant {torque 13149 19:7) 21:0)

Trat.a, Ratio

e tail rotor horsepover listed above wans derived tros Figure
1, vifen presumes a atraighteline relationahip betveen @ain
totor horacpover and required tall rotor horacpover., Two
pointa, OH-%8A and AM=1G, were vacd to getierale the line, %Yo
antalyafs wae @ade of the relative rotor solidity, eain rotor
pover tequired, or antitorque rotor power required aa {nflu-
enced by afze and power range, This {dealization in no way
detroctas from the reoulta of the atudy; the tail rotor arive
ayatem caf be aficed for any powetr level to seet actual require-

sentls,
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rolpgn pover condit ious for the extended-life tranomianfona
ate fugrtber detrived from tecotded flight load apectra oblained
ot Al=1G, UM-1C¢, andd UH=1H hellcoaptera i the RVYE theater,

e data acquiaition and geduction ayalewa are dedribed in o
BUC report (Reference V), The feaul’o of this progras were
preacnted it Liatograms of tlight wmancuver loade, ehgine powver,
®aitn rotor e, altitude, atd Flight apeecda for the theee
aodels acnt joned, 1o otder of severity, it was delinftely
ahovti that the AN-1G ranked bigheatl in power reoquireaenta, g-
loads, and flight apeed. Cubic sean pover requiresentla were
derfved from the AMeli power Lialogram atid ysed ae a baae line
for catabliahing the extended THO tranamission deaigh power,
e AH-1G vae eppecifiielly chosen sitce (U produced conaceva-
tive (more atringent) desipgn requiresents on the extended THO
transwisaion, A comparison of the operational power data of
the AM-1G, UNH-1C, and Ul {a tabulated below:

Norwal
Average Engine Power Military
Pove ¢ Power Available G.M,
Mode | (ip) (i) () (L)
All=1i 79% 1250 1400 9500
un-1¢ 662 1100 1100 6500
-1 6l 12%0 1400 9500

As a reault of “nte cubic mean power exhiibited Ly the AH-1G
(Flgure ) compared to the normal rated power (827,12%0 e
2/3), a deaipgn factor of 65 wan entablished for bLearing de-

sfign.

Since the {nput acctiona of cacl: transminnion may be required
to traneait fLll engine powver in the event of single-engine
operation, the design powver is full engine power available,
Tus, {1 the event of an engine failure, the remaining engine
vould austain adequate powver to the =main rotor @ast, The nor-
aal operating condition, lLowever, wherein both engines are
functional, would not require the full power available from
cach engine; nor would this be des{rable. The helicopter de-
sign grows welght msust be within the capability of a single
engine to sustain fiight, This would preclude the use of an
engine/gross weight cosbination that would reault in exceasive
loss of flight capability {n the event of 4 uingle-engine
faflure, aince 9%07% powver {s generally not asufficient to climd
al full gross weight, Therefore, thte actual main rotor Jesign
powver {8 catablished an twvo-thirds of twin-engine power, thus
providing 79% of this power to the main rotor {n the event of
single-engine failure. This {s4 adequate to sustain flight
vithin a restricted butl safe maneuver envelope.

b
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The following deaipn parameters were establ ished;
1, Gear Desfign

A, Input gears are designed with 997, contidence of
99.5% reliability {n bending fatigue and 5% proba-
bility of pitting for sfngle-cngine - ower.

B, Planectary gears are desfigned for the same ntatin-
tical reliabilitien at two-thirds twin-engine
rated power,

2. Bearing Deufgn

Input bearings are designed for a B0 lite:

A. 2700 hours at 657 takeoft! (T.0,) power for a 1200-
bour TBO transmission,

R. 5000 hourws at 657 T.,0, power tor a 3000-hour TBO
transmission,

7500 hours at 657 T.0. power for a 6OOC-hour TBO
transminsfon,

&

All other bearings must have similar lives, but at
657 x two-thirds twin-engine power,

A 127 overpower requirement is imposed for design of !
gears and bearings in the 3000- and 6000=hour gear- 4
boxes in excess of power required on the 1200-hour TBO 1
tranemission. This additional power requirement is

derived from the power spectrum exhibited by the AH-1G

nelicopter (Reference 1) in the RVN theater, wherein

operation at powers above T.0. rating was recorded.

Rated engire power for the AH-1G is 1400 hp maximum

and 1250 normal rated power with a transmission rating

of 1100 hp., The AH-1G actually attained some flight

time at power up to LLOO hp,

Since the power available for twin-engine design is 1
above normal T.0. ratings, as with the AH-1G, it is

anticipated that a portion of that power will occasion-

ally be used, The proportionality factor, 1.12, is 1
derived from the normal rated engine power and avail-

able power of the AH-L1G:

Power Available . 1400 |

Normal Rated Power - 1250 ° L12%




3. utilization rate of 50 flight hours per month was
chosen.

4, The design of bearings to withstand 3000 and 6000
hours of operation at a preset power level must en-
tail a statistical rate of failure, which results iun
“premature" removal due to fatigue failure in less
than the TBO period. 1In order to reduce the numbe) of
predicted failures, the life requirement, and hence
size and/or complexity of the bearing (and gear), is i
increased above the TBO. llence, a reasonable statit-
tical failure rate with adequate confidence level mus~ 4
be chosen that will not overly burden the transmission
with weight or cost. For this reason, suitable fail- ?
ure rates were chosen as 3% of the 1200-hour TBO
transmission, 5% for the 3000-hour TBO transmission,
and 8% for the 6000-hour TBO transmission. These
choices of statistical percentage of failures result
in required design B1o lives of 2720 hours for the
1200~hour TBO transmission, 5000 hours for the 3000-
hour TBO transmisgssion, and 7500 hours for the 6000-
hour TBO transmission. The target design lives thus
established afford reasonable statistical reliability
while preventing excessively difficult design specifi-
cations.

Urder identical power conditions, the probability of a
bearing's attaining a low predicted life is much less
than the probability of attaining a high predicted
life. This is shown subsequently where the generic
failure rate drops for increasing TBO, but the basic
Blo life requirements are higher for extended TBO.

GEAR DESIGN

In general, there are fcur fundamental failure modes for gear
teeth. These are considered to be mechanical wear, breakage
3 (impact or bending fatigue), pitting or spalling, and scoring
or scuffing.

The first, simple wear, is generally abrasive in nature and,
under conditions of proper protective environment, exists only
in relatively soft materials and very low pitch-line veloci-
ties. For helicopter transmission system design, the use of
hardened (Rc 58 min) gears and pitch-line velocities in excess
of 1000 ft/min completely eliminates failure from simple me-
chanical wear.

Tooth breakage., the second mode of failure, is most generally
related to the basic material endurance strength; impact

7




Lieakta s e oty

e f el

4 oo SR TN st el ot M ki i gl - TP AT,

sufficient to produce brittle failure i1s not generally found
in relatively high-compliance mechanical drives such as found
in helicopter systems. 1In praetlce, today's limiting -« sign
loads tend to be fixed by pitting and seorlng phenomena. At
such load levels, helicopter transmissicn =our and helical
spur gears can be designed and manufactured with .:h accuracy
and control that bending failure rarely, if ever, uccurs. As
an example of this fact, over 12,000 UH-Ll transmissiorn £;.t~ms
have been built, contﬂlnLng well over 200,000 spur grars, .nid

in all units returned for overhaul, not one jnstac.e oF Looth
breakage has been observed (Reference 2). However, tnis is not
entirely the case with regard to spirsl n2vel gears, Spiral

bevel gears, as manufactured oun current machine tools, have inher-
ently inferior root fillet meousntry, resulting in higher stress
concentration and greauect tolerance variation in root fillet
radii when comnmarced with conventional spur and helical gears.

For thwza2 reasons, coupled with the observation that spiral
bevel y2ars will generally exhibit greater pitting life than
spur gears under equal load intensity, design loads are more
often than not limited by tootb breakage. The AGMA spur bend-
ing stress calculation method and the Gleuson Works hvpoid and
bevel stress method (both computerized at BUC) are adequate
design tocls to obtain wholly reliable service operaticn.

Pitting failure phenomena cannot be discussed apart from the
scoring and lubrication distress failure modes. In clia«sical
gear design practices, the pitting life of gear. is rel.ted t,
the Hertzian contact stress by the inverse nintr-nower Law
much as in antifriction bearing life the»ry. in this approach,
the basic material endurance or ¢2nacitv I; proportional to

its macroscopic hardness aud furtlier related to specific chem-
istry, nonmetalli. inclus <n size and frequency, grain orien-
tation, and resicva. strrss field (Reference 3).

In 3 is seus., the pitting defined is essentially pitch-Lline

nr rovling-contact fatigue. More often than not, however,
ocher pitting or spalling modes give more trouble in helicopter
transmissions. Scoring, discussed in depth later, can lead
directly to pitting if the severity is of sufficient magnitude.
The scored areas are surrounded with untempered, rehardened
(mass quenched) martensite, while the primary scored area may
be in a relatively soft tempered or annealed state. Repeated
stressings will lead to progressive crack propagation from the
rehardened interface until severe pitting occurs. The second
alternate mode is generally termed case crushing. The gear
face develops severe longitudinal and transverse cracks, which
yield to formation of large pits or spalls. This is simply
attributed to insufficient case depth to support the sub-
surface shear stress envelope beneath the Hertzian contact




band. The final pitting mode is usually the most frequent in
spur gears operating in synthetic lubricants such as MIL-L-
7808 o0il at relatively modest pitch-line velocities. It may
be treated as an interrelation between elastohydrodynamic
lubricant film thickness and tooth surface roughness. The
origin of such pits is on the surface at severe asperity con=-
tact locations, generally on the driver dedendum at the loca-
tion of the first point of single tooth contact. The exfolia-
tion progresses in a fan-like shape, broadening and deepening
in the direction of sliding (often undermining large sections
with subsurface cracks) until large pits or spalls are evi-
denced. This reduction in norm:1l pitting life due to thin-
film lubrication effects has been treated extensively in Ref-
erence 3. This type of pitting accounts for 90% of the pri-
mary failures observed in closed-circuit overhaul of UH-1
transmission systemns (Reference 2).

Successful operation of a properly designed set of gears is
finally dependent upon the uniform axial and controlled pro-
file distribution of normal tooth loads and the interdependent
conditions of lubrication. Assuming that proper alignment is
achieved at the design power deflection condition, the first
point of contact occurs at the tip (0.D.) of the driven gear,
and contact progresses down the profile until the tooth goes
out of action at the driven gear flank. The driven gear tooth
assumes a certain amount of the transmitted load immediately
upon contact. This load can range from near zero to several
times the single tooth transmitted load. Since the teeth are
cantilevered beams acting under an elastic loading condition,
there is a calculable amount of deflection present. The pair
of teeth just preceding the set that is about to contact at
the driven gear tip will be deflected such that the net effect
will be felt as an index error at the first point of contact.
If no attempt is made to relieve this index error, a direct
overload will occur. By proper analysis and design, this
"mis-indexing" can be eliminated. This generally is accom-
plished by modifying, or relieving, the tooth profile at the
driven gear tip an amount that will be equal to, or slightly
less than, the deflection of the pair of preceding teeth. A
similar condition of deflection and modification must also
exist at the last point of contact, to prevent an overload
condition as the teeth go out of action.

There are several types of distress that can occur as an ul-
timate result of improper tip and flank relief in a bheavily
loaded set of gears. Generally, the initial distress is
scoring which may rapidly progress to destruction of the
critical profile shape, leading ultimately to premature pit-
ting. if the load, lubrication, and speed conditions are suf-
ficiently severe. Scoring may be evidenced as bright-polished
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radial grooves at the tips and flanks of the teeth, caused by
direct metal-to-metal contact in conjunction with the swiping
action present at the gear tooth extremities.

Although the exact physics of definition remain the source of
much debate, scoring may certainly be attributed to a pro-
gressively increasing contact temperature generated by high-
relative-sliding, high-unit-load, gear tooth geometry, and
constant metallic contact of sufficient energy density to
reach the surface liquification temperature of approximately
2900°F. The ability to transmit high torque loads is con-
tingent upon maintenance of a filn of lubricant within the
contact area that is of sufficient depth to prevent progres-
sive harsh asperity contact between the conjugate surfaces
and limit the surface energy density to less than critical
values. Providing there are no asperity contacts, or infre-
quent contacts, the lubricant temperature in the contact area
will stabilize and no distress will occur. However, if the
speed, lubricant type, and transmitted load are combined so
that incipient scoring occurs before temperature stability is
attained, then scoring distress is imminent. The design of a
successfully operable gear set would then dictate that an ade-
quate lubricant film relative to the surface roughness values
of the operating teeth be maintained under all conditions of
operation within the design power envelope.

Definition of adequate film thickness must, of course, con-
sider the fact that the total system of lubricant - gear metal
reaction in the so-called EP additives can grossly influence
apparent critical film thickness ratios. Lubricant film thick-
ness is interdependent with coefficient of friction; in the
thick film lubrication region, an increase in temperatur-: de-
creases coefficient of friction. Thus, the efficiency iun-
creases with lubricant temperature. However, an increase in
temperature is accomplished by a decrease in lubricant vis-
cosity and film thickness. 1If progressive asperity contacts
occur, the coefficient of friction will increase and the tem-
perature will not stabilize. Scoring will then result (Ref-
erence 4). Whether or not this metallic contact is an abrupt
result of collapse of the lubricant film at some intrinsic
"critical temperature' of the lubricant is an unsettled ques-
tion in today's gearing technology.

The analytical tools at hand, while not completely general in
nature, are quite adequate for engineering design work when
based upon extensive experience. For operation in mildly
reactive lubricants, such as MIL-L-7808 with the case carbur-
ized and nitrided gear steel used in this design, such exper-
ience is available. The stress levels to which such gear
teeth can be loaded and still successfully operate for
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requisite time intervals have been determined by extensive
testing of the UH-1 transmission. Based on the test results
and with an intimate knowledge of the operating louds and en-
vironment, a theoretical analysis has been devised that will
satisfactorily predict the instantancous stresses and loads of
a given gear set, With the theoretical analysis as a design
tool and with knowledge gained through experience as a guide,
a highly reliable transmission system can be designed and
manufactured, with a minimum development cycle. The cxtended-
lite transmissions have been designed to these known operating
limits and represent a reasonable approach to the existent
state of the art,

SPIRAL BEVEL GEAR DESIGN

p The input spiral bevel gears in each transmission were de-
signed with the aid of a Gleason Company computer program,
Three main design features were carefully considered 1n the
bevel gear analysis: safe gear operating stresses consistent
with the high-speed application, shaft mounting configuration,
and imposed bearing loads.

Safe operating stresses are essential to successful long-life
operation of the bevel teeth. It is recognized that the high
pitch line velocity (> 10,000 feet per minute) of the twin
1500 and twin 4800 transmission input pinions aggravates the
operating stresses due to any dynamic tooth loading condition
that exists in the teeth. In order to partially offset the
dynamic loading condition and to prevent overstressing, the
bevel gear teeth were designed with a high mismatch contact
ratio. This, coupled with relatively low calculated bending
stresses, assures safe operation (Reference 5).

The mounting system of both the pinion and the gear member
materially affects the operating stress conditions in the
teeth. All bevel gear members in the main power paths of each
transmission are straddle-mounted. This arrangement yields
less deflection under load than an overhung gear mounting and
provides more accurate conjugate tooth contact, thus minimizing
pattern shift and reducing the applied design mounting factor.
Internal clearances held in the roller bearings are relatively
high due to fail-safe operation requirements, but the contact
patterns are well developed through a deflection test program
to accommodate known clearance conditions. The inherent rigid-
ity of angular contact duplex and triplex ball bearings mounted
as shown also contribute to the accuracy and smooth operation
of the bevel gears.

The third item given close design consideration in the bevel
gear analysis was the component loads. Unnecessarily high
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radial or axial loads cvan result from (mproper selection of
the helix angle and presnure angle ftor the bevel teeth, Vor

a glven net of tooth numbers, the tangential tooth load variens
only with pitch, no a proper chofce of helix and premaure
anglen for the bevel teeth can sinimize the reaction loade on
the support bearingn., This must, of course, be accowpl {ahed
within the contact ratfo limite dincusnced earlier. Varfous
bevel gear confligurations were {nvestigated, and the data for
the final selected netn are shown in Appendix I, Theae neta
represent optimum deafignu, consfdering the above factoru,

Gear Materials

The material for all the external gears {# vacuum arc remelted
AMS 6265 xteel, The gear teeth are selectively carburized to
an effective cane depth of .030 to .08 inch., The stock re-
moval after carburizing {s .00l to .006 inch; hence, the
finished effective cane depth in ,024 to ,037 {nch, Cane
hardness {8 Rc 60-63, and core hardness {s Rc 33-41 on the
finished gears, The carburizing process (per Bell Proce-»s
Specification FW-4420, Class A) includes carburizing, sub-
critical annealing, quenching, deep freezing, and tempering.

The material for the internal ring gears is vacuum arc remelted
AMS 6475 steel, The gear teeth are selectively nitrided to an
effective case depth of .0l8 to .024 inch. The d#tock removal
allowed after nitriding is .00l to .005 inch; hence, the
finished effective case depth is .013 to .023 inch, Case
hardness is R1g 90,0 minimum (on ground surfaces), and core
hardness is Rc 38-44 on finished parts.

The large size of the gear components used in the twin 4800
probably precludes the attainment of full core properties in
the AMS 6265 material (governed by section thickness) and full
strength properties of the AMS 6475 (governed by low ratio of
case thickness to section thickness), 1f size effects should
produce degradation in mechanical properties sufficient to
endanger the extended life design then other materials would
be considered, such as SAE 8620 or H-1ll. However, In the
interest of economy the first choice of materials would be as
noted above since considerable knowledge of processing exists
and material cost is relatively low.

Bearing Design

The B)1o lives shown subsequently were obtained with the aid of
a high-speed digital computer program. Bearings operating at
high rotational speeds have appreciable loads generated in-
ternally from centrifugal forces and gyroscopic moments, which
are calculated by the computer program and included in the
statistical treatment of the load-life relationship (Reference

12




), Since the bcarlnga supporting the {nput bevel pinfon and
geatr ahafta {n the twin 150 and twin 4800 rotate at very high
rivwe (24,000 §input and 9,000 {nput, respectively), the {nternal
bear{ng geomotry and aseociated effecta of centeifugal and
grroancopi{c forces were glven close attention, The ball apin
roll axes are greatly influenced by apeed-produced internal
forcea, and rapld catastrophic fallure can occur {f the con-
trolling rave changes at such high apeed, Frictional heat
cauning rapld vear to occur during control transition leads to
atcelerated faflure., Mene deleterious conditions vwere pre-
cluded by chooaing proper preload, race curvatugea, atd coti=
tact .mglcn.

A voticurrent bevel gear analyeis wae conducted to oblain a
apiral bevel gear configuration that produced the leastl bear-
fng loads while malntaining proper contact ratfos at:d allow-
able ntresses. Several arrangeements vere investigated to
attain an optimus bearing bevel gear balance,

In deference to the high-upeed application, {t {a esasential
that 1o distrean appear {n the bearings since the rate of
failure progression {s too high to ensure detection before
catastrophic tailure. The normal sequence of evenls, as ex-
perienced with the Uli-1 transmission bearings, {s to detect a
failure, efther audibly or by magnetic chip senwor, to isolats
the location, and to take corrective action by replacing a
quill or the entire transmiunion asseably. However, with the
high-upeed twin L%00 and twin 4800 i{nputs, the prabability of
baving sufticient time for detection and correction before
catastrophic fallure occurs s greatly reduced. Consequently,
the need for high reliability {a paramount, and the CEVM M=5%0
bearing material, an used {n the 6000-bour THO transaission,
contributes asignificantly to this requirement (Reference 8),

The inner rings of the bull bLearings are press fitted wuff{-
ciently to preclude occurrence of detrimental ring creep and
fretting corronfon, The proper fit values can be calculated
with excellent confidence by an experimentally derived method
developed by HHC, When the elastic rings of duplex and tri-
plex bearings are Interference fitted, the {nner raceways grow
diametrally and {nduce additional axial preloading wheti the
rings are clamped {lush. Thense bearings must be fabricated
with the proper enduhake ({uner race face intrusion) to secure
the desired mounted preload at the high {nterference fitn,

The shafting inside diameters are nimi{larly fixed by the

strain requirements {n the inner rings (at the determined fius)
to produce the required i{nterfacial pressures to prevent creep.
The resulting mounted preload s highly critical of tolerances,
Theretore, the ABEC clannes and nhaft journal tolerances chonen
must be compatible with nyutem design requirenents,
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Yor high-aspeed beatrings, the efferta of lubrication are auch
that a marked inceease (o life can be attafned when compared
to similar conditions at low speed, primarily due to lubrica-
tion {nfluence (Reference /), Under bigheapee! conditiona,
the lubrication regime becomes fully hydrodynam{c and the
reaulting cont junciion compreanive atrean and subsurface atecan
depart markedly from the clasafcal Mertsfan atrean, Heptzf{an
streas conditionas are probably not attained evenn at low speed
with boundary lubrication, Wierein traction stresnes become
profouniced aucli thatl augface ahear forcea contribute to the
production of limiting surface and aubsurface streanca, With
full bydrodynamic acparation in the conjunctiona produced by
bigh apecd, two physfical characterfatics prevail: the woving
cot junct fon becomes {ncreaningly nenn{tive to the racevay
sphericity or cylindricity wherefn the rolling elementa "hit
the high apots,  and the peak subsurface stlresses are dimin-
fahed and occur tearer the surface. The forter condition can
induce sxidding, then smearing or uwcoring with attendent heat
generation, and then eventual asurface fatigue fallure or wsef-
zure due to losas of geometry.,

The latter condition can induce surface-in{tiated ftatigue
ipalles, pousibly from hydraulic action {n minor surface imper-
fections, or subsurface-in{tiated fatigue spalls ot classical
orfgin but very near the surface, In either cane, the topo-
logical undulations contribute to the faflure probability {¢
allowed to become excennive. Vor themwe reawons, the contacting
element nurface conditions relating to osculation and espe-
clally waviness require refinement and control to a much

higher degree than low-upeed bearings. IMowever, surface finish
requirements actually become more severe in low-speed bearing
applications., It {s also recaognized that the thin-film, low-
speed contacts are far more sonsftive to chemical eltectn in
the lubricant ~aetal conjunction (Reference 8),

AVBMA grade 5 or better bearings are, therelore, necesmnary for
the attainment of turget life. Increases in Blo of the order
of 400" have bLeen recorded when operating neemingly {dentical
bearings at high speed (10,000 rpm) ar compared to low-speed
operation (1500 rpm) (Reference 7)Y,

The use of a bearing made from vacuum-melted M-950 uwteel as a
direct replacement of a 52100 nteel bearing results {n a B)g
fncreane in the application on the order of 4X or greater,
Min has been demonstrated at BHC on split fnner ring main
rotor nupport bearings sun 4t low speed and bigh load (Ref -
erence 8) {t. MIL-L=7H08 lubricant, The life increase nhown by
these tentn, uning s{milar bearings made from 5’100 nteel as

4 base line, was considerably greater than 4X., S{milar tents
were reported by SKF but at high speed, with the results being
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slmilar to WK lovw-apeed expericence, but life (togreanen only
alipghtly greater than WX were realiged with the M-%0 bearings,

MNie moat effeoctive mothod of preventing (nhner ring creep in
toller bearingas {a to eliminate the ring and to finiah the
tacevay (ntegrally with the ahaft, fhia practice haa been in
extenaive use o all Uil-l aeriens tranemianfonas, with exiellent
teaults, %ot only {a the tolerance range of {nterncl lear-
atce afgnificantly reduced by thia practice, bul the Tatigue
endutratice of the carburized vacuum arc reselted gear material
far exceeda that of convent {onal through-bardened bearing
materfalas, Additionally, coat and weight savings are realized
by elimfnation o! the {nter rings and the associatled apacera,
tiuta, atnd Jocking tarduvare,

The recommetided tolerance grade {a ABEC 7 for the high-apeed
ball bearings and ABREC % for the roller braringa, Since pre-
load, race control  and prena=titting toletranceas of the ball
bearinga are {nterdependently critical, {t {s ennential that
the toleratce varfationas e minfciged. All journals are to bLe
superfinished to u ClA of 8, Cotnsfderabtle effort must be ex-
petided to {naure malntenance of the proper dimenajons and
tolerancen, which in turn ennures successful bearing operation,

The maximum life exhiibited by a roller bearing {u obtained {n
a roller bearing that {as (losely controlled dimension:lly, has
rollers that are crowned for proper load distribution on the
rollers, han even roller guiding with close roller and clear-
ance accomplisted through {ntegral flanges on either or both
racen, and, finally, s operated in a lubricatfon-speed regime
that produces relatively thick film neparation of rolling con-
junctiona at the precise leoad for which the crown was deter-
mined (Reference 9),

Relaxation of any ot the dimensional or operational character-
inticn from the optimum results in » reduced life for the bear-
{ng. Actual realization of the optimumn bearing in addirtion to
continuous operation under the pre-isme cesign load condition
in seldom attained. For thia reason, a r2ans of accounting
for departure from the optimum must be incorporated {n the
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